To compare the efficacy and safety of basal insulin peglispro (BIL), which has a flat pharmacokinetic and pharmacodynamic profile and a long duration of action, with insulin glargine (GL) in patients with type 1 diabetes.
Introduction
Despite advances in insulin replacement therapy, and even with the advent of newer basal insulin analogues, an ideal basal insulin-characterized by a prolonged pharmacodynamic effect, low intra-patient glucose variability, low risk of nocturnal hypoglycaemia and limited weight gain-has remained an unmet medical need for patients with type 1 diabetes [1] .
Basal insulin peglispro (BIL; LY2605541), a PEGylated insulin lispro, is slowly absorbed from the site of injection as an insulin monomer, principally through the lymphatic system [2] . BIL is cleared slowly from the circulation, with a half-life of 2-3 days [3, 4] . These properties confer a flat activity profile at steady state [3] and a prolonged duration of action of at least 36 h [4] . BIL is hypothesized to have restricted passage through the vascular endothelium to peripheral tissues such as skeletal muscle and adipose tissue, but ready access to the liver through the fenestrations in the hepatic sinusoidal endothelium. In healthy subjects, BIL was shown to have a hepato-preferential insulin action allowing a reduction in endogenous glucose production similar to GL ( [5] see Figure 2 ), but with less glucose disposal in the periphery ( [5] see Figure 1 ). Similar results were obtained in conscious dogs [6] and in patients with type 1 diabetes [7, 8] .
The aim of this double-blind, phase III trial was to compare the safety and efficacy of BIL with that of GL, administered once daily in the evening, in combination with preprandial insulin lispro, in adults with type 1 diabetes. Basal insulin dose (U/day, p < 0.05 for treatment differences from weeks 2 to 52). (E) Bolus insulin dose (U/day, p < 0.05 for treatment differences from weeks 2 to 52). (F) Total insulin dose (U/day, p > 0.05 for treatment differences, except for week 32). Dashed lines = glargine; solid lines = BIL. All data are LS mean ± s.e. *p < 0.05, **p < 0.01, ***p < 0.001 for differences between treatments.
Materials and Methods
This 52-week, double-blind, randomized, phase III trial was conducted in patients with type 1 diabetes at 132 sites in 20 countries (Appendix S1, Supporting Information) between 11 January 2012 and 3 February 2014. The study was divided into the following periods: 3-week screening and baseline; 12-week intensive insulin management; 40-week maintenance insulin management; and a 4-week post-treatment follow-up ( Figure  S1 , Supporting Information).
Eligible participants were aged ≥18 years, had type 1 diabetes for at least 1 year, glycated haemoglobin (HbA1c) levels <12% and body mass index ≤35 kg/m 2 at screening, and were currently taking basal-bolus insulin therapy, administered either by insulin syringe or pen or continuous subcutaneous insulin infusion pump (Appendix S2, Supporting Information). The study was conducted in accordance with the International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki. All participants signed an Figure 2 . Hypoglycaemia rates during the study. (A) Nocturnal hypoglycaemia rates for overall, first half and second half of treatment period [events/patient/30 days; group mean ± standard error (s.e.)]. (B) Total hypoglycaemia rates for overall, first half and second half of treatment period (events/patient/30 days; group mean ± s.e.). (C) Severe hypoglycaemia rates for overall, first half and second half of treatment period (events/100 patient years; aggregated rate ± s.d.). White bars = glargine; black bars = BIL. (D) Hypoglycaemia rate in 2-h intervals (group mean ± s.e.) at 52 weeks. Dashed line = glargine; solid line = BIL; RR = relative rate BIL/glargine. *p < 0.05, **p < 0.01, ***p < 0.001 for differences between treatments.
informed consent document, and the protocols and consent documents were approved by local ethical review boards before study initiation. An unblinded, independent data monitoring committee monitored patient safety.
Eligible participants were randomly assigned to BIL or GL basal insulin in a ratio of 3 : 2, stratified by baseline HbA1c (≤8.5%, >8.5%), baseline LDL cholesterol [<100 mg/dl (2.6 mmol/l) and ≥100 mg/dl], and prior basal insulin therapy (GL/insulin detemir/other basal insulin; Appendix S3, Supporting Information). Both basal insulins were injected at bedtime using a syringe and vials that allowed visual inspection of the insulin but hid all differentiating vial features. Insulin lispro was provided in a disposable pen for mealtime administration and correction of hyperglycaemia. Investigators calculated for each patient the initial basal insulin dosage (converted unit per unit to the blinded insulin) based on insulin doses during the 3 days before randomization. Basal and bolus doses were adjusted weekly during the initial 12 weeks and were evaluated at each visit during the remainder of the study using an intensive insulin regimen algorithm with a target pre-meal self-monitored blood glucose (SMBG) value of 5.6 mmol/l and pre-bedtime value of 7.2 mmol/l (Appendix S4, Supporting Information). Investigators were permitted to make further insulin adjustments at any point, depending on clinical circumstances (e.g. hypoglycaemia). Intensive insulin adjustment as well as capture of SMBG and hypoglycaemia data was enhanced through the implementation of an electronic diary (e-diary) system [9] . The e-diary supported investigator and patient preferences for bolus insulin dosing including a carbohydrate counting plan, a preprandial action plan, and a pattern adjustment plan. Individualized adjustments based upon carbohydrate intake, glucose correction factors, exercise and stress factors were supported by the e-diary and could be modified by the investigator, and provided the opportunity for the patient to calculate an accurate bolus dose [9] .
Hypoglycaemia was defined as an SMBG value <3.9 mmol/l or signs and symptoms consistent with hypoglycaemia without an SMBG measurement; nocturnal hypoglycaemia was defined as an event occurring between bedtime and waking and between 22:00 and 10:00 hours (Appendix S5, Supporting Information). Patients were asked to perform a nine-point SMBG profile on 2 days in the week preceding selected clinic visits.
Statistical Analysis
To control the Type I error for multiple tests, a gate-keeping strategy was used to test the primary objective of non-inferiority of BIL to GL for HbA1c at 52 weeks (non-inferiority margin 0.4%) [10] , and five key secondary objectives for superiority of BIL to GL for (in order of hypothesis testing): nocturnal hypoglycaemia rate, HbA1c, proportion of patients with HbA1c <7%, fasting serum glucose (FSG) by laboratory measurement, and total hypoglycaemia rate. While most traditional methods control the overall type I error by splitting the value, the gate-keeping strategy controls the overall type I error by fixing the order of testing with the same level. If a prior test fails (p > 0.05), the subsequent tests are deemed non-significant regardless of the nominal p values [11, 12] . This gate-keeping strategy allows results from the gated secondary objectives to have the same statistical rigour as the primary objective.
A total of 1114 patients would provide >99% statistical power to demonstrate the non-inferiority of BIL to GL for HbA1c, and >95% statistical power to demonstrate a difference in nocturnal hypoglycaemia events (assuming a 30% rate reduction) [13] . Analyses were based on all randomized patients who received ≥1 dose of study medication. A mixed-model repeated measures approach was used to analyse continuous variables; values are presented as least squares (LS) mean (standard error), unless otherwise indicated. The proportion of patients with the last non-missing HbA1c value <7% was analysed using logistic regression. The hypoglycaemia rate was estimated and compared between treatments using negative binomial regression analysis, after adjustment for pre-randomization (baseline) [14] [15] [16] . Major adverse cardiovascular events (MACE; cardiovascular death, myocardial infarction or stroke) and MACE+ (MACE plus hospitalization for unstable angina) were analysed using a Cox proportional hazard model. The statistical software used was sas version 9.1 or higher (Cary, NC, USA).
Results

Trial Population
A total of 1114 patients were randomized and a similar percentage of patients in each treatment group completed the study ( Figure S2 , Supporting Information). The demographic and baseline characteristics were similar between BIL (n = 664) and GL (n = 450) groups (Table 1) .
Glycaemic Control and Hypoglycaemia
Treatment with BIL was non-inferior and also superior to GL treatment for HbA1c at 52 weeks {LS mean treatment difference −0.22% [95% confidence interval (CI) −0.32, −0.12]}, as the 95% CI upper limit was less than zero and the test for multiplicity was satisfied ( Figure 1A and Table 2 ). At week 52, a higher proportion of patients treated with BIL achieved an HbA1c level of <7% (Table 2) and BIL-treated patients had lower FSG levels compared with GL-treated patients [LS mean difference −1.65 mmol/l (95% CI −2.14, −1.15); p < 0.001 ( Figure 1B and Table 2 )].
The nocturnal hypoglycaemia rate was lower with BIL during weeks 0-52 [relative rate 0.53 (95% CI 0.47, 0.61); Figure 2A , Table 2 and Figure S3A , Supporting Information]. The rate of total hypoglycaemia was higher with BIL during weeks 0-52 .) ; events/patient/30 days: baseline, baseline to week 52. §Aggregated rate (standard deviation); events/100 patient years: baseline, baseline to week 52. ¶Based on the following Medical Dictionary for Drug Regulatory Activities preferred terms that were considered adverse events of special interest related to injection sites: injection site swelling; injection site oedema; lipohypertrophy; lipoatrophy; lipodystrophy acquired; injection site abscess; injection site induration; injection site inflammation; injection site hypertrophy; injection site mass; partial lipodystrophy; injection site atrophy; injection site abscess sterile. **Defined as change from baseline to post-baseline in the anti-BIL antibody level, either from undetectable to detectable, or from detectable to the value with at least 130% relative increase from baseline.
[relative rate 1.11 (95% CI 1.04, 1.18); Figure 2B , Table 2 and Figure S3B , Supporting Information], contributed to by a higher relative rate of daytime hypoglycaemia [relative rate 1.23 (95% CI 1.15, 1.32); p < 0.001 ( Figure 2D and Table 2) ]. In additional analyses, the total hypoglycaemia rate with BIL was higher in the first 26 weeks [relative rate 1.15 (95% CI 1.08, 1.22); p < 0.001], but was not different compared with GL from 26 to 52 weeks [relative rate 1.03 (95% CI 0.95, 1.11); p = 0.53 ( Figure 2B) ]. Importantly, there were no treatment differences during weeks 0-52 in severe hypoglycaemia rate or incidence ( Figure 2C and Table 2 ).
With the gate-keeping multiplicity adjustment applied to the results above, BIL treatment was found to be statistically superior to GL treatment for: HbA1c reduction; proportion of patients reaching HbA1c < 7%; nocturnal hypoglycaemia rate; and FSG.
In the nine-point SMBG profiles at week 52, lower values were observed at all time points from the morning postprandial period up to bedtime in the BIL group ( Figure S4 Table 2) .
The daily basal insulin dose increased progressively from weeks 2 to 12 and was higher with BIL than with GL at week 52 [LS mean difference 8.3 U/day (95% CI 6.7, 9.9); p < 0.001; 0.11 U/kg/day (95% CI 0.09, 0.13); p < 0.001], with a corresponding decrease in the bolus insulin dose in the BIL group [LS mean difference: −9.4 U/day (95% CI −11.5, −7.3); p < 0.001; −0.11 U/kg/day (95% CI −0.13, −0.08); p < 0.001], leading to similar total daily insulin dose between groups [LS mean difference −0.92 U/day (95% CI −4.1, 2.3); p = 0.57; 0.01 U/kg/day (95% CI −0.03, 0.05); p = 0.63 ( Figure 1D -F and Table 2 )]. Compared with baseline, patients treated with BIL lost weight during the study, while those treated with GL gained weight [LS mean difference: −1.8 kg (95% CI −2.3, −1.3); p < 0.001 ( Figure 1C and Table 2 )].
Side Effects and Adverse Events
Triglyceride levels increased after initiation of BIL from baseline to first measurement at 4 weeks, and then plateaued. (Table 2) ]. There were no significant differences in the reporting of treatment-emergent adverse events (TEAEs) of hypertension or clinical outcomes of cardiac congestive heart failure, peripheral oedema or cerebrovascular events with BIL compared with GL treatment. Although event rates were low, fewer BIL-treated patients had an adjudicated MACE [BIL, n = 3 (0.5/100 patient-years); GL, n = 8 (1.8/100 patient-years); p = 0.056] or MACE+ [BIL, n = 3 (0.5/100 patient-years); GL, n = 9 (2.0/100 patient-years); p = 0.035].
Overall, TEAEs were similar between groups with the exception of events related to skin and injection sites, and elevations in liver enzymes, which were more common with BIL (Table  S1 , Supporting Information). More patients in the BIL group experienced TEAEs related to injection sites (Table 2) ; the most common of these were lipohypertrophy (7.7%), injection site hypertrophy (2.0%), and injection site swelling (1.7%). Of the 88 BIL patients with TEAEs related to injection sites, events resolved during the study in 65% of patients (41% on study drug and 24% after withdrawal from study drug).
Increases in mean alanine aminotransferase (ALT) levels were observed with BIL treatment [LS mean difference in change from baseline to 52 weeks: 6.5 (95% CI 4.1, 8.9); p < 0.001] ( Table 2) . Mean ALT levels increased from baseline to 4 weeks, remained steady during BIL treatment, and returned to baseline 30 days after BIL withdrawal ( Figure S6 , Supporting Information). There was a greater number of participants in the BIL group with an increase in ALT to ≥3 × upper limit of normal (ULN; Table 2 ); of these, 100% experienced a return to baseline of ALT levels or a decrease by at least 20% from the peak value, either while continuing BIL or after discontinuing. The proportion of patients with total bilirubin ≥2 × ULN at any time after baseline was higher with GL treatment (GL 0.9% vs BIL 0%; p = 0.027). No patients in the study met the criteria for Hy's Law for acute, serious drug-induced liver injury [17] .
A higher proportion of patients in the BIL group had anti-BIL treatment-emergent antibody response compared with the GL group (Table 2 ), but antibody levels were low (median percent binding in patients with detectable anti-BIL antibodies was 1.80% in the BIL group and 1.08% in the GL group). Neither anti-BIL nor anti-PEG antibody levels were associated with changes in HbA1c, total hypoglycaemia rates or insulin dose during treatment.
Discussion
In this double-blind study in patients with type 1 diabetes, basal insulin treatment with BIL compared with GL for 52 weeks resulted in a 0.22% lower HbA1c, a 1.7-mmol/l lower FSG, and lower SMBG values throughout the day. The lower HbA1c levels obtained in the BIL treatment group were achieved with a similar total daily insulin dose, but with a higher proportion of basal to total insulin. Patients in the BIL group lost weight in spite of improved glycaemic control and more basal insulin, and experienced lower between-day and within-day glucose variability. All of these findings are consistent with the flat time-action profile and possibly the reduced peripheral effect of BIL [3, 7] .
Interestingly, compared with glargine, nocturnal hypoglycaemia was 47% lower with BIL, in spite of a 29% or ∼8-unit higher BIL basal insulin dose. By contrast, BIL-treated patients had more total hypoglycaemia during the study, driven by increased daytime hypoglycaemia. Analyses of hypoglycaemia by time of day and SMBG profiles ( Figure  S4 , Supporting Information) suggest the increased daytime hypoglycaemia was associated with use of bolus insulin. Bolus insulin requirements were 30% lower when BIL was used as the basal insulin, possibly because of its longer half-life and flat pharmacokinetic/pharmacodynamic profile [3, 4] . Investigators and patients gradually adjusted the bolus insulin dose in combination with BIL during the titration period, when the total hypoglycaemia rate was increased with BIL; however, when the bolus insulin dosages had been optimized during the maintenance period (26-52 weeks), the total hypoglycaemia rate did not differ between treatments, suggesting an empirical learning process for the BIL regimen. Additionally, in type 2 diabetes studies without bolus insulin use, BIL-treated patients had similar or lower total hypoglycaemia rates compared with GL [18, 19] .
The increase in serum triglycerides when BIL replaced a conventional basal insulin may be consistent with its lower peripheral insulin activity, which may enable lipolysis of adipocyte triglycerides, thus increasing free fatty acid flux to the liver [6, 7] . Further support for this hypothesis derives from BIL studies of insulin-naïve patients with type 2 diabetes, where no increases in triglyceride levels were observed through 26 weeks of treatment with BIL [19] . Although there were small increases in blood pressure and LDL cholesterol in this study, this was not observed in phase III trials in patients with type 2 diabetes [18, 19] . While cardiovascular safety for BIL will be assessed in a meta-analysis of adjudicated MACE+ across all of the phase II and phase III trials with active comparators, no differences in treatment-emergent cardiovascular events were detected in this study, and there was a small but statistically significant reduction in adjudicated MACE+ events in the BIL group.
The cause of the increase in mean ALT level is unknown and may be related to changes in liver fat metabolism associated with the increase in serum triglycerides. Several studies have demonstrated a reduction in liver fat content (LFC) associated with initiation of GL [20] or other conventional basal insulins [21, 22] . In a study of insulin-naïve patients with type 2 diabetes comparing GL with BIL, LFC decreased from baseline with GL, but was unchanged in BIL-treated patients [19] . By contrast, LFC increased from baseline with BIL treatment in patients with type 2 diabetes previously treated with insulin [18] . There was an elevation in mean ALT level and more patients with ALT ≥3 × ULN in the absence of a mean increase in LFC during BIL treatment for insulin-naïve patients [23] . Thus, changes in liver fat may not be the only explanation for increases in ALT. Some PEGylated proteins, such as pegvisomant [24] , and PEG used to treat constipation [25] , are associated with increased aminotransferases, but this is not true of all PEGylated proteins. The increased incidence of ALT ≥3 × ULN noted with BIL was observed without evidence of severe, acute hepatocellular injury (no Hy's Law cases) [17] . While the clinical importance of these changes has not been determined, the resolution of ALT elevations on and off drug may be suggestive of hepatic adaptation [26, 27] .
Injection site lipohypertrophy and swelling were reported more frequently in patients receiving BIL than in those receiving GL; however, injection site events were not associated with systemic hypersensitivity, increased anti-BIL antibody titres, or worsening clinical outcome measures, such as higher HbA1c or FSG. Increased rates of lipohypertrophy and injection site swelling may reflect slow absorption of BIL via the lymphatic system, and a trophic effect on adipocytes resulting from a longer exposure of subcutaneous tissue to BIL [2] ; however, the resolution rate of these events in this study (41% in the BIL group and 24% after withdrawal of BIL), was higher than that reported in a previous prospective study of insulin injection-induced lipohypertrophy (18%) [28] . Injection site rotation has been associated with reduced rates of lipohypertrophy [28, 29] .
The strengths of the present study include its double-blind design, the use of the e-diary system, the large sample size powered for hypoglycaemia, and the adjustment for multiple comparisons. Limitations include: (i) adjustment of bolus insulin doses may not have been optimized for the randomized basal insulin; (ii) most patients who entered the trial were already on GL, which may have biased TEAE reporting; and (iii) as with any clinical trial, the intensity of interaction between patients and investigators was not typical of clinical practice.
In conclusion, BIL, when used with preprandial insulin lispro, provides statistically superior glycaemic control (lower HbA1c, lower FSG, more patients achieving HbA1c <7% and less nocturnal hypoglycaemia) with more total hypoglycaemia and injection site reactions, as well as higher triglycerides and ALT, when compared with GL.
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